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The study of the Unruh effect naturally raises the interest for a deeper understanding of the
analogy between temperature and acceleration. A recurring question is whether an accelerated
frame can be distinguished from an inertial thermal bath in pure thermodynamic experiments,
such problem has been approached in the literature and a consensus is yet to be fully reached. In
the present work we use the open quantum system formalism to investigate the case where both
acceleration and background temperature are present. We find the asymptotic state density and
entanglement generation from the Markovian evolution of accelerated qubits interacting with a
thermal state of the external scalar field. Our results suggest that there is a very small asymmetry
on the effects of the Unruh and background temperatures. Addressing the nonzero background
temperature case is of both theoretical and phenomenological interest, thus the authors hope to
enrich the existing discussions on the topic.
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2I. INTRODUCTION
The Minkowski vacuum, a Lorentz invariant, turns out to be seen as an planckian thermal spectrum of particles in
the frame of an uniformly accelerated observer, this is the widely known Unruh Effect[1–3]. Being one of the key results
from field quantization in general coordinates systems, it still arises in flat spacetime, without the need to include
gravitational effects. The traditional treatment of the problem consists of considering a Unruh-Dewit particle detector:
a quantum particle with discrete non-relativistic energy levels weakly linearly coupled to an external quantum field.
The rate of excitation of the system when travelling in an hyperbolic trajectory is then calculated and shown to be
proportional to a Planck factor. The generalization of this problem for finite background temperature, which will be
of importance in the present work, has been worked on in refs [4, 5].
A more recent point of view to the examination of Unruh thermalization has been addressed by considering a similar
detector and field setup in the context of open quantum systems governed by a Markovian Master Equation [6]. This
approach provides a richer analysis of the evolution of the system, and the study of the phenomenon of entanglement
generation for multi-particle detectors. Several generalizations to the problem have been proposed in the literature
by considering different trajectories, distance between detectors, different fields, number of detectors, presence of
boundaries and others (references [7–16]). The study of entanglement is a very rich subject and associating it with
Unruh Effect might provide us with further valuable insights. Also, linking the effect to another physical quantity may
become an alternative for experimental observation, which is yet to be done due to the extremely high accelerations
needed to induce actually detectable thermal spectra. In ref [17], for example, it has been shown that entanglement
can enhance the precision for Unruh thermalization detection.
A subject that has caught attention recently is the study of the apparent undistinguishability between the Unruh
and a thermal bath temperatures. For example,in refs [18–20] it is argued that some quantities such as density operator
and detector response function are symmetric in background and Unruh temperatures, while [21] shows some aspects
of distinguishability. Motivated by this problem we propose to analyze the Unruh Effect in the presence of non zero
thermal background temperature in the view of open quantum systems. We keep the analysis as simple as possible,
by looking at the asymptotic states generated from the system evolution and comparing the dependency of the final
states on both Unruh and background temperatures we mean to provide another test on the distinguishability of
the effects. It is worth mentioning that distinct features between acceleration and thermalization have already been
predicted using OQS formalism, such as in the case of the presence of reflecting boundaries [8] and two detectors with
non vanishing distance [7]. Thus we focus on the simpler version(vanishing distance, no boundaries) of the setup in
which the effects are originally undistinguished (when analyzed separately).
A second motivation, shared with similar works, comes from the fact that given the general smallness of the Unruh
Effect, background thermal effects are likely to be about as important as acceleration in the measures, and thus more
realistic setup need to include the inertial thermal bath. Then, by extending the analysis of [6] to nonzero background
temperatures, we hope to provide further insight on the study of Unruh Effect and the correlation between acceleration
and temperature.
The rest of this manuscript will be divided in 3 sections. In the next we present a review of the formalism from [6],
which we use as basis. In section 3 we expose our results for the case of finite temperatures. Section 4 will consist of
our final remarks on the problem.
II. MARKOVIAN EVOLUTION OF DETECTORS IN MINKOWSKI VACUUM
We begin with a brief review of the method and results from [6], which we use as the start point for our analysis.
The system in consideration is a two-level Unruh-Dewitt detector weakly coupled to an external massless scalar field.
Instead of the standard transition rate calculation, the state density operator of the entire system (detector+field) is
considered, and a reduced dynamics for the detector’s state density is derived.
A. Time Evolution for a Single Particle
The total system Hamiltonian is:
Hs = HD +Hf +HI , (1)
3where Hd and HI are respectively, the detector,field and interaction Hamiltonians given by
HD =
ω
2
σz ⊗ 1,
HI = λσµ ⊗ Φµ, (2)
with Hf being the usual free scalar field Hamiltonian. The field Φµ is defined as
Φµ = χµφ
− + χ∗µφ
+, (3)
where χµ serve as generalized coupling constants, σ0 is the identity 2x2 and σi the Pauli matrices, φ
± are the positive
and negative parts of the field expansion. For simplicity, these constants will be assumed to satisfy
χµχν = δµν . (4)
The initial density operator of the system will be taken to be
ρTotal(0) = ρ(0)⊗ ρF (0), (5)
where ρ and ρF represent the densities of the detector and the field, respectively.
A properly defined tracing procedure over the field degrees of freedom leads to an expression for the time evolution
of the detector’s state density, however, it is a very complicated equation containing memory effects. By requiring
that ρF is a static configuration of the field over the time evolution generated by HF and the condition of weak
coupling, formally carried out at [22, 23], one obtains a Markovian (no memory effects) equation of motion, known
as the Kossakowski-Lindblad equation:
ρ˙ = −i[Heff , ρ(t)] + L[ρ(t)]. (6)
The operator L[ρ] in the above equation is the Lindbladian, given by
L[ρ] = 1
2
3∑
i,j=1
aij [2σjρσi − σiσjρ− ρσiσj ], (7a)
aij = Aδij − iBijk + Cninj . (7b)
The coefficients A,B and C in the Kossakowski-Lindblad matrix aij are given in terms of Fourier transforms of the
field Wightman functions
G(ω) =
∫ ∞
−∞
dt exp[iωt]〈φ[x(t)]φ[x(0)]〉, (8a)
A =
1
2
[G(ω) + G(−ω)], (8b)
B =
1
2
[G(ω) + G(−ω)], (8c)
C =
1
2
[G(0)− G(ω)− G(−ω)], (8d)
and
Heff =
Ω
2
~n · ~σ, (9a)
Ω = ω + i[K(−ω)−K(ω)], (9b)
K(ω) = 1
ipi
P
∫ ∞
−∞
dλ
G(λ)
λ− ω , (9c)
with P denoting principal value.
When ρF (0) is Minkowski’s vaccum, we have:
〈φ(x+ ∆x)φ(x)〉 = G(x+ ∆x, x) = − 1
4pi2
1
(∆x0 − i)2 − ~∆x2
. (10)
4The detector is moving on hyperbolic trajectory with proper time t:
x0(t) =
1
a
sinh(at), (11a)
x1(t) =
1
a
cosh(at), (11b)
x2 = x3 = 0. (11c)
Inserting this trajectory in (10) and integrating in (8a) we obtain:
G(ω) = 1
2pi
ω
1− e−βUω , (12a)
A =
ω
4pi
(
1 + e−βUω
1− e−βUω
)
, (12b)
B =
ω
4pi
, (12c)
C =
ω
4pi
(
2
βUω
− 1 + e
−βUω
1− e−βUω
)
. (12d)
By pluging these back in (7) and conveniently decomposing the state density of the detector in the Bloch vector
ρ =
1
2
(
1 +
∑
i
ρiσi
)
, (13)
one obtains the time evolution
∂
∂t
|ρ(t)〉 = −2H|ρ(t)〉+ |η〉 (14)
where ηi = −4Bni and
H =
 a b+ Ω3 c− Ω2b− Ω3 α β + Ω1
c+ Ω2 β − Ω1 γ
 , (15)
where
a = 2A+ C(n22 + n
2
3), b = −Cn1n2,
α = 2A+ C(n21 + n
2
3), c = −Cn1n3,
γ = 2A+ C(n21 + n
2
2), β = −Cn2n3,
Ωi =
Ω
2
ni, n = 1, 2, 3. (16)
The solution of eq (14) allows one to compute, for example, the usual response function for the 2-level Unruh-Dewitt
detector, here for simplicity and conciseness we will focus on the assymptotic state(t→∞):
ρi = −B
A
ni = tanh
(
βUω
2
)
ni. (17)
This state density can be identified with the one for thermal equilibrium in a 1/βU temperature heat bath:
ρβ =
e−iβUHD
Tr[e−iβUHD ]
. (18)
5B. Two Particles and Entanglement Generation
For the case of two particles following the same trajectory (11), the system will also be described by an equation
of the type (6), with the Lindbladian given by
L[ρ] =
∑
i,j
aij
([
(σj ⊗ σ0)ρ(σi ⊗ σ0)− 1
2
{σiσj ⊗ σ0, ρ}
]
+
[
(σ0 ⊗ σj)ρ(σ0 ⊗ σi)− 1
2
{σ0 ⊗ σiσj , ρ}
]
+
[
(σj ⊗ σ0)ρ(σ0 ⊗ σi)− 1
2
{σi ⊗ σj , ρ}
]
+
[
(σ0 ⊗ σj)ρ(σi ⊗ σ0)− 1
2
{σj ⊗ σi, ρ}
])
. (19)
The aij coefficients are the same as in the single particle case and the new effective Hamiltonian is given by:
Heff = H
(1)
eff +H
(2)
eff +H
(1,2)
eff , (20)
where H
(1)
eff and H
(2)
eff are defined analogously to (9b) and
H
(1,2)
eff = i
∑
ij
{[κ(ω) + κ(−ω)]δij + [κ(0)− κ(ω)− κ(−ω)]ninj}. (21)
The term above represents an indirect interaction, however, from the definition (9c) we see that κ(ω) is an odd
function and thus the term cancels out, leaving just the individual and acceleration independent Lamb-shifts. For
further simplification and analysis of the acceleration induced effects, the effective Hamiltonian will be dropped from
(6) in this case.
Decomposing the reduced density as
ρ(t) =
1
4
[σ0 ⊗ σ0 +
∑
i
ρ0i(t)σ0 ⊗ σi +
∑
i
ρi0(t)σi ⊗ σ0 +
∑
i,j
ρij(t)σi ⊗ σj ], (22)
the following equations are obtained:
ρ˙0i = −4Aρ0i + 2B(2 + T )ni − 2B
∑
k
nkρik, (23a)
ρ˙i0 = −4Aρi0 + 2B(2 + T )ni − 2B
∑
k
nkρki, (23b)
ρ˙ij = −4A[2ρij + ρji − Tδij ],
+ 2B[ni(2ρ0j + ρj0) + nj(2ρi0 + ρ0i)− δij
∑
k
nk(ρ(ρk0 + ρ0k)], (23c)
which in the assymptotic state reduce to
ρˆi0 = ρˆ0i =
R(T + 3)
3 +R2
ni, (24a)
ρˆij = ρˆji =
1
3 +R2
[ninj(T + 3) + (T −R2)δij ]. (24b)
To analyze the entangling of the two qubits, one can compute the Concurrence[24–26]. Let ρc be defined by
ρC = ρ(σ2 ⊗ σ2)ρT (σ2 ⊗ σ2), (25)
with positive eigenvalues λ1,2,3,4, the concurrence C is then given by
C[ρ] = max{λ1 − λ2 − λ3 − λ4, 0}, (26)
6Assuming values 0 ≤ C ≤ 1. With unity value representing a completely entangled state and zero for a completely
untangled one.
The concurrence for the asymptotic configuration in (24) is given by
C[ρˆ] = 3−R
2
2(3 +R2)
[
5R2 − 3
3−R2 − T
]
, (27)
for T < (5R2 − 3)/(3−R2), or zero otherwise.
As a simple example, one can consider the two detectors prepared in an originally separable state(C = 0):
ρ(0) = (1 + ~p · ~σ)⊗ (1 + ~q · ~σ), (28)
with ~q and ~p denoting unit vectors. Then, the maximum entanglement in the final state will be achieved for T =
~q · ~p = −1 and will be given by
C[ρˆ] = 2R
2
3 +R2
, (29)
illustrating thus, the entanglement generation and it’s dependency with the acceleration. The results reviewed in this
section are identical to those one obtains from considering static particles in a common thermal bath.
Next, we want to analyze the case where besides an acceleration, there is also a finite background temperature. Our
main focus will be the question as to whether the effects induced by acceleration and temperature are distinguishable,
and if so, how different these effects are.
III. FINITE TEMPERATURE BACKGROUND
It has been shown in earlier works that under certain circumstances, uniform acceleration will have distinct features
from a inertial thermal bath in the state density evolution of the detectors, such as the presence of reflecting boundaries
and finite distance between detectors. Here, instead we consider the simpler case reviewed in the last section, and
introduce a background uniform temperature as measured by an inertial observer. We want to compare, in the case
where both effects are present, the temperature and acceleration dependencies of the process, as well as having a look
at the summed effect.
The initial configuration of the field will be given by
ρf (0) =
e−βHf
Tr[e−βHf ]
, (30)
which is an equilibrium state of the field’s natural evolution [ρf (0), Hf ] = 0. In this configuration, the correlation
function for the field is
G+(x+ ∆x, x) = − 1
4β
∞∑
n=−∞
1
(∆x0 − i)2 − ~∆x2 + inβ
. (31)
For a static trajectory it reduces to the same expression as in the accelerated case with 2piβ → a. The explicit form
for a trajectory of type (11) is worked out in [5](se also the explicit form in [27]), for the case ∆x = x(t) − x(0) it
reduces to
G+(t, 0) =
1
8βα
csch2
(
pit
α
){
coth
[
α
β
(e2pit/α − 1)
]
− coth
[
α
β
(1− e−2pit/α)
]}
, (32)
where α and β are the inverse of the unruh and background temperatures respectively and the i factors have been
suppressed.
Unfortunately the Fourier transform for expression (32) doesn’t seen to have an closed expression. We employ then
a trick from [5], by separating a background temperature ”correction”:
G+(t, 0) = − 1
4α2
csch2(pit/α) + ∆G+αβ , (33)
where
∆G+αβ =
1
4α2
csch2(pit/α) +G+. (34)
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FIG. 1: Plots of ∆G+β (t, T1, T2). The curves slightly resemble a Gaussian, with peak value T
2
1 /12 at t = 0. Notice
that for same T1, the curve characteristic width will be decreasing with T1.
This simply factors out the pure acceleration part which we already know how to treat. The remaining contribution
∆G+αβ is well behaved( on the sense that it’s singularity at t = 0 is removable) on the real axis, and thus we can drop
the i factors and easily integrate it numerically(see the plots in figure 1). Equivalently one could instead separate
the pure temperature term and deal with the remaining part(see (38)).
From the expressions for the asymptotic state densities (17,24) we can narrow the analysis to the examination of
the quantity R = B/A. Conveniently, G+β is an even function of t, so that B remains unchanged, for A we have
A→ A+
∫ ∞
−∞
dt cos(ωt)∆G+αβ . (35)
Then, let the quantity γ(ω, α, β) be defined by
γ(ω, α, β) =
∫ ∞
−∞
dt cos(ωt)∆G+αβ , (36)
so R can be writen as
R(ω, β−1, α−1) =
[
coth
(αω
2
)
+
4pi
ω
γ(ω, α, β)
]−1
. (37)
From equation (32) one would guess acceleration and background temperature have very distinguishable effects,
however, as we will see shortly the asymmetry of R in the two temperatures is generally very small.
Our main focus will be the analysis of general features, so we will be using simplistic values on the arguments of
(37) rather than more experimentally realistic ones(see III A). First lets have a look at the acceleration dependency of
R for a few different background temperatures(figure 2a). It can be seen that the values decrease progressively with
background temperature for small accelerations.
Next we plot the values of R for different detector frequency values. The curves in (figure 2b) suggest an monotonical
dependency, for smaller values of ω we have an approximately linear growth. Now to check what happens when we swap
the background and Unruh temperatures, the comparative curves are plotted in (figure 3a). As mentioned before, just
by looking at the Green’s function (32) one could be naively led to think there would be a big difference on the values
of R obtained by swaping α for β. In (figure 3b) we can observe the values of s(ω, T1, T2) = R(ω, T1, T2)−R(ω, T2, T1).
Notice that the equivalent acceleration/temperature curves have very little deviations from one another. By ana-
lyzing the temperature and frequency dependencies, we can infer that this “closeness” feature is quite general. First
suppose we tinker with the frequency parameter, notice that for high frequency values, R asymptotically approaches
unit value, and for low frequencies the values vary almost linearly(figure 2b), thus generating effects almost propor-
tional to those in figure 3a. Now we manipulate temperatures, if Unruh and background temperature are too different,
say T >> T ′, then R(ω, T ′, T ) will be close to R(ω, 0, T ) and thus there won’t be a much bigger distinguishability ei-
ther. Last, changing both temperatures proportionally can be equivalently done by switching time scale and changing
frequency instead, so it falls back to the ω analysis(see III A).
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(a) Plot of R(1, T ′, T ) against T for a few values of T ′.
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(b) Plot of R(ω, T, T ′) against ω for a few values of T ′.
FIG. 2: Plotting R(ω, T1, T2) against temperature and detector frequency.
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(a) Values of R(1, T, T ′) and R(1, T ′, T ) for a few examples of
(T, T ′).
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(b) Values of s(ω, 0.5, T ) = R(ω, 0.5, T )−R(ω, T, 0.5) for
ω = 1, 2, 3.
FIG. 3: Asymmetry of R in the Unruh and background temperatures.
A. Discussing realistic values
Up to now we have only used rather fictitious values for the parameters ω, α and β, ignoring the magnitude order
at which these quantities might seen plausible to consider. This approach has been used to facilitate our analysis by
generating more sensible results.
To get a look at more realistic values we need restore the constants involved. First, the frequency values, for a
two-level system with energy gap E, we will have ω = E/~. Thus for a frequency of say, 1eV , the frequency time
argument will be of 1015 order. It is known that very high accelerations are needed to generate even a seemingly
small Unruh temperature, however, let’s assume the acceleration induced thermalization stands on the same, or close
to the order of a plausible background temperature as to generate a measurable effect. The general time coefficient
kBT/~ in the arguments of the Green’s function will be of order 1011 ×O[T ].
From the “thermal correction” part of the Green’s function (34) we can see that the detector only effectively
interacts with the background temperature for a short time period( this is not really accurate as this interaction
is not factored out, but forcefully separated in the expression), the width of the interval is proportional to the
acceleration. Also, the usual part of Unruh thermalization has the argument proportional to ω/a (or ω/T ). Then,
we are able to simplify the arguments in (37) by adjusting the units of the usual time-scales. In other words, we
have R(ω, T, T ′) = R(λω, λT, λT ′) for any positive λ, as can be easily seen from (34,37). The close to unity values
used earlier correspond to α ∼ β and βω ∼ kB , this is achievable for a temperature of 1K using energy gaps on
the hydrogen fine structure order. Unfortunately the acceleration values corresponding to this temperature are still
too high, and a direct observation would require a much more sensible(low energy) detector. A more realistic option
would be to consider circular trajectories(see [5, 16]), which could be realized in the future using more potent particle
9accelerators.
Usually, it would be reasonable to expect background temperature values to be higher than the acceleration induced
effect. In this case, it would be most efficient to separate the field Green’s function as
G+ = − 1
4β2
csch2(pit/β) + ∆G+βα, (38)
where ∆G+βα is defined in analogy to (34). This way, we generate a small acceleration “correction” to the inertial
thermalization. This is advantageous because in the (33) case, the width of the usual time scale is increasing in α,
whereas in the above case it increases with β, making it easier to do precise integrations by picking whichever factor
has a higher value.
IV. FINAL REMARKS
In the present work we proposed an extension to the problem presented in [6] by inserting a nonzero background
temperature on the analysis of Unruh-Dewit detectors as open quantum systems. We proceeded by keeping the
calculations as simple as possible, looking at the asymptotic states obtained from a Markovian evolution of the
particle detectors. As we did not find a closed expression for the Fourier transform of the external field correlations,
the results are obtained numerically (figures 2 and 3). Also, we used these results as a further test to the acceleration-
temperature correspondence.
The presence of a background temperature, as expected, contributed to further decrease entanglement generation
between detectors, and it’s temperature/acceleration evolution curves look pretty familiar to the usual Unruh Effect.
On testing whether the asymptotic states were symmetrical in exchanging background and Unruh temperatures,
we found that there is a small difference in the plotted curves, further suggesting that a common thermal bath
and the acceleration induced one have distinct, although very close, properties. Since the analysis provided is pure
Markovian, including memory effects and finite time behaviors might be of key importance and are to be approached
in future works. Besides the close analogy between Unruh effect and thermal baths, the authors do not know why
the corresponding curves found in figure 3a are so proximate to each other.
The acceleration needed for the Unruh-Effect to be actually measurable is unfornately too high to achieve with
current tecnology. A reasonable work around proposed would be to accelerate the particle detector in a circular
trajectory (an open quantum system approach to Unruh effect in cicular trajectory can be found in [16]). But even
in very high acceleration scenarios, one would expect background temperature to be of considerable order and thus it
has to be considered on further works that propose to tackle an realistic view of the problem.
Although the analysis provided is very simplified and the parameters used are rather unrealistic, the authors hope
to catch some key features of the phenomena and that the results proposed here might provide insights for further
works to come.
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